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Results of the model, obtained with a computer code, have proven to be in remarkable agreement with laboratory measurements for several atom-diatom scattering systems.
Two scattering systems, in particular, that were successfully modeled and compared to measurements were Ar-KBr and Ar-CsF.
The IA model provided an explanation for the rapid deactivation evident in the Ar-KBr system.
Experimental results in the Ar-CsF experiment that could not be explained by conventional models were also sucessfully modeled using the IA.
Results fit the experimental observations. 14 has provided an explanation of this rapid deactivation. 5 In the
Ar-CsF experiment, a beam of Ar atoms was crossed with a beam of
CsF molecules at a relative translational energy of about 1 eV. 6 -8 A feature of the measured results that could not be explained was that almost all of the available 1 eV RTE may be converted into vibrational/rotational energy of CsF. This system has also been successfully modeled using the IA. 9 It is important to note that the processes involved in theseý two systems are very different.
In the Ar-KBr system, the energy transferred during the collision is primarily from vibrational motion of the diatom to relative translational energy.
In the Ar-CsF system, the energy is converted from relative translational to vibrational/rotational energy. That the IA can be used to describe these two very distinct scattering systems strengthens the assertion that the IA may be successfully applied to a broad range of atom-diatom scattering processes.
In addition to providing agreement with laboratory measurements for the Ar-KBr and Ar-CsF scattering systems, we have made a further contribution to the study of crossed beam chemical re-1 actions and energy transfer processes by presenting a method for producing state-selected molecular beams. 1 0 The method is based on the ballistic phenomenon found in the Ar-CsF system.
Although the IA has been proven successful in describing a number of scattering systems, we have recognized some of the shortcomings of our existing impulse theory, such as the need to include multiple-collision terms for certain scattering systems and the limitations of using a hard core atom-atom potential.
We have subsequently taken steps toward developing the IA into a more rigorous model.
Progress and results of our work were published in the open literature and are also included in appendices (A-C). A summary of each of the publications is included in the following sections.
RELAXATION OF HIGHLY VIBRATIONALLY EXCITED KBR BY AR
Using the IA, we have successfully described the deexcitation of highly vibrationally excited KBr, upon colliding with Ar, at a relative translational energy of about 0.05 eV. 5 In the experiments involving this scattering system it was found that a substantial fraction of the roughly 2 eV KBr internal energy may be converted into translational energy of motion in a single collision. 1 It is believed that a more realistic potential may yield a more complete agreement with the experiment, especially considering the smallness of the relative translational energy.
MECHANISM OF BALLISTIC COLLISIONS
Additionally, we have had remarkable success predicting the scattering of CsF upon colliding with Ar, at a relative translational energy of about 1 eV. 9 Crossed beam experiments involving these collision partners show that almost all of the roughly 1 eV relative translational energy may be converted into rotational and vibrational energy of CsF. 6 -8 Until now, the process responsible for this phenomenon, called the ballistic effect,
was not well understood. Using our previously developed IA programs, we computed differential cross sections for the three systems studied experimentally: Ar-CsF, Ar-I 2 , and Ar-CsI. The differential cross sections were computed with respect to the c.m. of the coliding particles. To compare our calculations to the laboratory measurements required that we transform our results to the laboratory coordinate system. This turned out to be a vital step toward understanding the experimental results.
We derived equations for this transformation, known as the Jacobian of transformation, that are quite different from those given in literature. 1 2 Because the Jacobian of transformation is a fundamental relationship which is prevalent in scattering theory, we view this finding in itself as a significant contribution to the understanding of crossed beam scattering processes. The IA proved successful in predicting the ballistic effect for the Ar-CsF system and the non-existence of the ballistic effect in the Ar-I 2 system. However, it was not able to reproduce the ballistic effect for the Ar-CsI system. We have begun to modify the IA formalism to include double-collision terms.
We believe this will enable the theory to predict the ballistic effect for the Ar-CsI system. One of the basic assumptions of the impulse theory is that during the collision process the incident atom collides only with one end of the diatom.
The operator which describes the energy transfer process that occurs during the collision of the incident atom with the diatom is known as the three-body T matrix. The impulse theory reduces the three-body T matrix to include only those terms representing collisions with only one end of the diatom. The result, called the two-body T matrix, has been used in all of our calculations to date. The two-body T matrix ignores the possibility of collisions in which the incident atom collides with one end of the diatom, and then collides with the other end.
We believe that this reduction may be responsible for the theory's inability to predict a ballistic effect for the Ar-CsI system, as well as its inability to reproduce the correct final rotational distributions of N 2 after colliding with Li+ at a relative translational energy of 4-7 eV.
The two ends of CsF and of N 2 are similar in mass, making the possibility of multiple collisions seem greater. We have several approaches to developing the theory to include the multiple collision terms.
One approach is to compute the single and double collision terms and disregard triple and higher collision terms.
The second approach involves replacing the diatom by a potential located at its center and replacing the incoming par- is not possible to reconcile these observations with the existing theoriesl . Threedimensional classical trajectory calculations using various potential energy surfaces underestimate highly inelastic scattering of KBr** by Ar 7 .
Relaxation of the vibrational degree of freedom, simply called V-T process, is described by the Landau-Tellerl, 8 model. This model for atom-diatom collisions approximates atom-diatom interaction potential by the sum of the atom-atom potentials.
In addition, it assumes that the time duration of the collision is much smaller than the period of internal motion. Both these assumptions are well known to the students of scattering theory as the impulse approximation (IA). L-T is a one dimensional model in which rotations play no role. This model, of course, can not be used to calculate differential cross sections. In this letter we show how an exact IA calculation developed earlier 9 can be used to theoretically calculate the differential cross sections measured by Fisk and students 2 -5 .
The impulse approach, as formulated by Chew et al. 10 -12 , has been applied to the vibrational-rotational excitation of a diatom during its collision with energetic atoms by Bogan1 3 , Eckelt et al. [14] [15] [16] [17] and by Beard and Micha 18 . The basic premises of IA have already been mentioned. It has been shown by the present authors that the resulting equations can be solved exactly 9 without resorting to the peaking approximation. One benefit of the exact solution, in contrast to the peaking approximation where the twobody t-matrix is evaluated for a given value of the spectator momentum and which had been used in all of the earlier atom-diatom studies 13 -18 , is that the relative momentum, P3, and the intramolecular momentum due to vibrational-rotational motion, q3, enter the formulation on an equal footing. This permits a solution of the problem where the collision energy is provided by the vibrational-rotational motion of the diatom rather than the relative translational energy of the atom-diatom motion. The expression for the differential cross section is given elsewhere 9 and will not be repeated here. We use a hard core potential to represent the atom-atom interaction. For the internal energies 
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Again, this is reasonable because a given change in the linear momentum produces a larger torque at 750 than at 45 * Figure 2 gives the same plot as in figure 1 for the final vibrational level 50.
The theory of rainbows for the vibrational-rotational transitions is under development 24 . The structure of the differential cross section as a function of j' is understandably more complicated than that found in the very instructive earlier study 23 of rotational rainbows in the vibrationally elastic situation. The Ar-K+ differential cross section clearly shows several supernumerary rainbows and a rainbow at j' =240.
The reason for large variations in the differential cross section in the j' =80 to j'= 130 region for the Ar-Br" system and almost no variations at all for the Ar-K-system is not yet completely understood. It appears related to the fact that for a given change in the rotational quantum number a larger change in the quantum number for the orbital motion, and a greater change in the phase, is required for the Ar-Br-collision than for the Ar-K+ collision. The scattering from K+ again makes the dominant contribution to the cross section for large changes in Aj. Also, even for small changes in the rotational quantum number it is not much smaller than for scattering from Br. It is also seen that, compared to the vibrationally elastic scattering, the differential cross section is only smaller by less than a factor of about 10 for v'=50 when about 40% of the vibrational energy is converted into translational energy of relative motion. Our model reproduces the experimental observation that large vibrational quantum number changes take place with significant probability. For the CM scattering angle of 45°, the scattering from Br-may be neglected. does not lead to a ballistic effect. In addition, for the Ar-I 2 system this model always predicts a transfer of only '-25% of the relative translational energy into internal motion, whereas our calculation will be shown to predict a ballistic effect for this system at a relative translational energy of 0.122 eV.
In this letter we report a calculation of the ballistic phenomenon using a threedimensional fully quantum exact impulse calculation [6] for the collision of CsF and 12
with Ar. In the impulse calculations, the atom-diatom potential is represented by the sum of atom-atom potentials. Since the ground state of CsF is ionic, the Cs+-Ar and F-Ar potentials are used to describe the CsF-Ar interaction. We neglect the long range part of the atom-ion potentials and approximate the short range repulsive potential by a hard core potential; the hard core Cs+ (F-) radii are approximated by Xe (Ne) radii, the numerical values being taken from Hirschfelder, Curtiss and Bird [7] . While this potential is expected to adequately describe the highly inelastic ballistic collisions, its description of near-elastic collisions at small c.m. scattering angles is incomplete [6] . The equations used to calculate the c.m. differential cross section using the impulse formalism (IA) were given earlier [6] and will not be repeated here. Most of the cross sections used here were computed using a semiclassical approximation to the exact IA calculation developed earlier [6] . A spot check of semiclassical cross sections showed a deviation from the exact cross sections by no more than 10%. until the whole 4n steradians scatter into it. After this the Jacobian becomes constant.
The consequence of this is that (da/dfl)L does not become infinite as u approaches zero.
Calculated (dl/df)L as a function of laboratory recoil velocity of CsF is plotted in The study of chemical reactions and energy transfer processes using molecular beams has revolutionized our understanding of the mechanisms underlying these processes [l] . Still, except for a few fortunate instances [2] , most of the processes studied involve reactants with low internal excitation [3] or with Boltzmann distributions at the oven teniperature [4-61. In this letter we propose a method for producing molecule beams in a desired internal state and travelling with a desired velocity. The rates of chemical reactions are known to depend, sometimes strongly, upon the initial state of the reactants. One should expect greatly improved understanding of the chemical reactions and the possibility of studying many more reactions using the ideas presented here. We illustrate the method by describing the circumstances leading to the production of a desired N 2 beam resulting from collisions of N 2 with Li+ in crossed beams -a system studied extensively by Toennies and co-workers [3] .
The method is based upon the ballistic effect discovered about 19 years ago [4] [5] [6] .
Herschbach and co-workers studied the collisions between an alkali halide molecule and an Ar atom at about I eV relative translational energy by crossing two beams and measuring the laboratory recoil velocity of the alkali halide molecule as a function of the laboratory scattering angle. In addition to a peak centered at the recoil velocity of elastically scattered alkali halide molecules (pseudoelastic peak, formerly called elastic peak [7] ), aacother equally strong peak centered at the recoil velocity corresponding to the motion of the center-of-mass (ballistic peak) was observed. Obviously, the ballistic Physically it means that, for the correct viewing geometry, the signal from the entire 4pi steradian solid angle in the c.m. frame may be collected by a small solid angle in the laboratory frame.
The differential cross sections are calculated using an exact formulation of a three-dimensional quantum-mechanical impulse approach (IA) calculation described earlier [9] . Physically, one may use the impulse calculation when the time duration of the collision is much shorter than the periods of vibrational and rotational motion of the diatom. The nuclei constituting the diatom may then be considered stationary during the collision and the intramolecular potential is the generator of the momentum distribution of the constituent nuclei. The atom-molecule potential, in the IA, is written as the sum of the atom-atom potentials and the atom-atom scattering amplitudes are added to C-2 obtain the atom-molecule scattering amplitudes. The atom-atom potential, in the present study, is described by a hard core interaction. Following the previous study [9] , the hard core radius for the Li+-N interaction is taken to be 1.62 A. C-4
7.
Elastic peak was so named because it has the maximum intensity where one would detect the elastically scattered alkali halide molecules. This peak was later shown 8 to consist mainly of inelastically scattered alkali halide molecules. This was causing some confusion.
At the suggestion of Dudley Herschenbach the elastic peak was renamed pseudoelastic peak.
The new name is very appropriate because it describes the location of the peak and carries the warning label. 
